The data underlying this study have been uploaded to figshare and are accessible using the following link: <https://doi.org/10.6084/m9.figshare.c.4026268.v1>.

Introduction {#sec001}
============

Seasonal influenza virus infection is one of the largest recurring global public health threats \[[@pone.0193680.ref001]\]. Antibody mediated protection against infection by influenza A and B viruses arises from prior infection and vaccination. Infection induces adaptive immunity mediated by both antibodies and virus reactive T cells, while vaccination primarily elicits a T cell dependent IgG response directed against influenza virus hemagglutinin (HA) and neuraminidase (NA) proteins\[[@pone.0193680.ref002], [@pone.0193680.ref003]\]. HA is responsible for viral binding to host cell surface sialic acid residues and for viral fusion. Most neutralizing anti-influenza virus antibodies target the HA protein head region, which contains the sialic acid receptor-binding site. Antibodies targeting this region can neutralize the virus by blocking binding to sialic acid residues on the surface of target cells \[[@pone.0193680.ref004]\].

Eighteen subtypes of influenza virus HA are currently known and are clustered into two phylogenic groups based on sequence similarity and serological cross-reactivity: influenza group 1 (H1, H2, H5, H6, H8, H9, H11, H12, H13, H16, H17 and H18) and group 2 (H3, H4, H7, H10, H14 and H15) \[[@pone.0193680.ref004]\]. Most anti-influenza IgG is directed against the globular head of the HA, and is specific to viral strains and subtypes \[[@pone.0193680.ref005]\]. High viral HA mutation rates provide a mechanism for influenza viruses to evade pre-existing anti-HA globular head IgG Abs. For this reason, influenza virus vaccines are reformulated annually based on viral surveillance data to match the prevalent circulating strains\[[@pone.0193680.ref006]\]. Even so, variability in circulating viruses and poor responses to vaccination decrease vaccine efficacy \[[@pone.0193680.ref007]\].

In contrast to the head domain, the stalk domain of the HA protein is relatively conserved, and antibodies targeting this region generally cross-react with many viral subtypes within the same phylogenic group \[[@pone.0193680.ref008]\]. Anti-stalk antibodies also protect against infection by preventing viral envelope-cell membrane fusion \[[@pone.0193680.ref009], [@pone.0193680.ref010]\], and facilitating Fc-mediated antibody dependent cellular cytotoxicity (ADCC) and complement dependent lysis (CDL) \[[@pone.0193680.ref011]--[@pone.0193680.ref013]\]. There is, however, limited clinical evidence regarding the relative efficacy of antibodies directed against the HA stalk domain as compared to those targeting the HA head \[[@pone.0193680.ref014]\]. Thus, a major objective of current influenza vaccination approaches is to devise strategies that increase such broadly reactive anti-influenza virus IgG antibodies.

Development of broadly cross-reactive anti-influenza vaccine responses is challenging given the heterogeneity of influenza viruses, especially with respect to HA protein. Recently, several studies have suggested that antibody mediated cross-reactive immunity against the influenza virus HA protein strongly correlates with long-lasting cross-protection against influenza strains that differ from the primary infection or vaccination strain \[[@pone.0193680.ref015]--[@pone.0193680.ref017]\]. Induction of significant amounts of broadly cross-reactive and protective antibodies against influenza viruses is an important goal for vaccine design, as current vaccination strategies do not induce high titers of cross-reactive protective antibodies. One recent approach has been to target the conserved stalk domain of HA. Another strategy, designed to break the immunodominance of the head domain, is sequential vaccination with chimeric HAs (cHAs) that have different head domains but the same stalk domain \[[@pone.0193680.ref018]--[@pone.0193680.ref021]\]. Serial vaccination, in combination with adjuvant, with such recombinant cHAs induced broad cross-reactive humoral immunity, resulting in protection from heterosubtypic influenza viral challenge \[[@pone.0193680.ref019]\].

An alternative approach to inducing broad cross-reactive immunity to multiple influenza virus strains is adjuvanted intramuscular vaccination \[[@pone.0193680.ref022]\]. For example, MF59, a squalene-based oil-in-water emulsion, has been clinically approved for use with influenza vaccination in adults \>65 years of age, who typically respond poorly to traditional influenza vaccines. Compared with unadjuvanted intramuscular influenza vaccination, the addition of MF59 significantly improves long-lasting, vaccine strain specific, CD8 T cell and anti-HA IgG responses \[[@pone.0193680.ref023]\]. Importantly, it has been reported that the addition of MF59 increases broad antibody cross-binding to influenza strains not present in the original vaccine \[[@pone.0193680.ref024], [@pone.0193680.ref025]\]. Addavax, a squalene-based oil-in-water nano-emulsion with a formulation similar to that of the clinical formulation of MF59, but for research use, has also shown equivalent effects \[[@pone.0193680.ref021]\].

These promising observations regarding induction of IgG mediated cross-reactive immunity raise several key issues and questions. For example, while cross-reactive immunity can be broadly described, no method exists for quantifying its intensity and breadth. Also, how the vaccination schedule affects any resulting cross-reactive immunity is poorly understood. Finally, the role and timing of adjuvant within the vaccine schedule also remains unclear. To address these questions, we quantified cross-reactive antibodies induced by prime-boost-boost adjuvanted rHAs in ferrets and mice by measuring reactivity to 29 influenza HAs using our recently described mPlex-Flu assay \[[@pone.0193680.ref026]\], combined with an assessment of vaccine-induced immune repertoire cartography and stalk-reactive antibodies. The results demonstrated the critical role of vaccine schedule timing of adjuvant inclusion in a sequential vaccination strategy, and show that primary vaccination with Addavax adjuvanted rHA could be a key strategy to induce broadly cross-reactive and protective anti-influenza HA IgG responses.

Material and methods {#sec002}
====================

Animal and ethics statement {#sec003}
---------------------------

For all mouse experiments, we used naïve female 9-10-week-old C57BL/6 mice obtained from Taconic Biosciences (Rensselaer, NY). All experiments in mice were conducted according to protocols approved by the University Committee on Animal Resources (UCAR) of University of Rochester (protocol number \#2011--055). Four to five mice were housed inside ventilated cabinet under controlled temperature with daily monitoring in a BSL-2 pathogen--free condition animal facility. Mice were routinely observed throughout experiments for any signs of distress, clinical symptoms of illness by trained personnel. Mice were euthanized also according to the UCAR protocol.

Recombinant HA proteins {#sec004}
-----------------------

All rHAs of type A influenza viruses in this study were expressed using a recombinant baculovirus system based on a modified pFastBac vector with a C-terminal trimerization domain and a hexahistidine purification tag \[[@pone.0193680.ref027]\]. We also subcloned all HA genes coding B type influenza viruses into this pFastBac vector using *BamHI* and *NotI* restriction endonucleases (NEB, Ipswich, MA). Briefly, we designed primer pairs containing *BamHI* and *NotI* restriction enzyme sites to amplify the first 521 aa of the HAs, and subcloned these HA fragments into the baculovirus shuttle vector. Primer sequences are available upon request.

Expression and purification of rHA was performed as previously described \[[@pone.0193680.ref027]\]. Purified rHAs were concentrated and desalted with 30 kDa Amicon Ultracell centrifugation units (Millipore, Billerica, MA) and re-suspended in phosphate buffered saline (PBS, pH7.4). The purity, integrity and identity of proteins were assessed by NuPage 4--12% Bis-Tris gels (Invitrogen, Grand Island, NY) and Western blot ([S1 Fig](#pone.0193680.s003){ref-type="supplementary-material"}). Western blot analysis was performed using rabbit anti-influenza strain/subtype specific polyclonal primary (eEnzyme, Gaithersburg, MD) and goat anti-rabbit horseradish peroxidase conjugated secondary (Bio-Rad, Hercules, CA) antibodies. Protein concentration was quantified using the Quickstart Bradford Dye Reagent (Bio-Rad, Hercules, CA) with a bovine serum albumin standard curve.

Adjuvant and specific anti-sera against influenza viruses from ferrets and mice {#sec005}
-------------------------------------------------------------------------------

Anti-influenza ferret antisera ([Table 1](#pone.0193680.t001){ref-type="table"}) were obtained from the Influenza Research Resource (IRR, Manassas, VA). They were drawn after either primary infection with influenza virus, or after three consecutive subcutaneous vaccinations with non-hexahistidine tagged rHA proteins admixed with complete Freund's adjuvant for prime, and boosted twice with incomplete Freund's adjuvant. Per the manufacturer, sera were collected after the third vaccination at peak response after the third vaccination and pooled. We independently validated and determined sera dilutions for the mPlex-Flu assay by assaying the ferret sera against the vaccine-homologous rHA. For experiments with ferret sera, each serum sample was diluted to obtain a similar mPlex-Flu assay MFI level (\~15,000) against the vaccine-homologous HA for that sera. These generally were close to the HAI or ELISA titers provided by the manufacturer, summarized in [Table 1](#pone.0193680.t001){ref-type="table"}.

10.1371/journal.pone.0193680.t001

###### Ferret polyclonal anti-HA serum from the Influenza Research Resource (IRR).

![](pone.0193680.t001){#pone.0193680.t001g}

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
             Catalog No                                                                     Induce antigen or virus                                                Manufacturer\                                    Dilution
                                                                                                                                                                   HAI titer[\*](#t001fn001){ref-type="table-fn"}   
  ---------- ------------------------------------------------------------------------------ ---------------------------------------------------------------------- ------------------------------------------------ ----------
  **H1N1**   FR-359                                                                         A/California/07/2009 (H1N1) pdm09                                      5120                                             5120

  FR-291     rHA A/California/04/2009 (H1N1) pdm09[\*\*](#t001fn002){ref-type="table-fn"}   N/D                                                                    6000                                             

  FR-388     A/Brisbane/59/2007                                                             1280                                                                   1280                                             

  FR-288     rHA A/Brisbane/59/2007[\*\*](#t001fn002){ref-type="table-fn"}                  N/D                                                                    6000                                             

  FR-390     A/Mexico/4108/2009 (H1N1)                                                      5120                                                                   5000                                             

  FR-393     A/Utah/20/2009 (H1N1)                                                          2560                                                                   2500                                             

  FR-953     A/USSR/90/1977 (H1N1)                                                          640                                                                    500                                              

  **H3N2**   FR-289                                                                         rHA A/Brisbane/10/2007 (H3N2)[\*\*](#t001fn002){ref-type="table-fn"}   N/D                                              5000

  FR-292     rHA A/Hiroshima/52/2005 H3N2[\*\*](#t001fn002){ref-type="table-fn"}            N/D                                                                    5000                                             

  FR-389     A/Brisbane/10/2007 (H3N2)[\*\*](#t001fn002){ref-type="table-fn"}               5120                                                                   5000                                             

  FR-445     A/Wisconsin/15/2009 H3N2                                                       2560                                                                   2500                                             

  FR-446     A/Perth/16/2009 (H3N2)                                                         5120                                                                   5000                                             

  FR-646     A/Victoria/210/2009 (H3N2)                                                     5120                                                                   5000                                             

  FR-950     A/Indiana/10/2011 (H3N2)                                                       640                                                                    500                                              

  FR-1079    A/Victoria/361/2011 (H3N2)                                                     320                                                                    250                                              

  **H5N1**   FR-960                                                                         A/Vietnam/1203/2004(H5N1                                               1280                                             1200

  FR-708     rHA A/Vietnam/1203/2004 (H5N1)[\*\*](#t001fn002){ref-type="table-fn"}          N/D                                                                    6000                                             

  FR-782     A/Anhui/01/2005 (H5N1) PR8-IBCDC-RG6                                           2560                                                                   2500                                             

  FR-1083    A/India/NIV/2006 (H5N1) PR8-IBCDC-RG7                                          320                                                                    500                                              

  FR-1086    A/Hubei/1/2010 (H5N1) PR8-IDCDC-RG30                                           1280                                                                   1200                                             
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

\* IRR provided titer from manufacturer performed HAI titration

\*\* non-His-tagged full length rHA protein vaccinated; (ELISA titers were performed by IRR)

N/D = no HAI assay was performed by IRR

For mouse experiments, we generated anti-influenza anti-sera by vaccinating female C57BL6 mice with recombinant influenza HA protein with or without Addavax (InvivoGen INC, San Diego, CA), a squalene-based oil-in-water nano-emusion with a formulation similar to MF59, per the manufacturer's instructions.

mPlex-Flu assay {#sec006}
---------------

Purified rHA proteins for each influenza virus strain/subtype ([Table 2](#pone.0193680.t002){ref-type="table"}) were covalently coupled to Bio-plex Pro^™^ Magnetic COOH Beads (Bio-Rad, Hercules, CA) using the Bio-Plex Amine Coupling Kit (Bio-Rad, Hercules, CA) according to the manufacturer's instructions, as previously described \[[@pone.0193680.ref026]\]. The coupled beads were tested with anti-HA subtype specific ferret or rabbit polyclonal antibodies (Influenza Reagent Resource, IRR, Manassas, VA), to confirm antigen binding and density. Secondary antibodies were polyclonal goat anti-rabbit (catalogue \#4010--09, raised against rabbit IgG; dilution 1:400, SouthernBiotech, AL) and polyclonal goat-anti-ferret antibodies (catalogue sab4024, raised against ferret IgG; dilution 1:400, Brookwood Biomedical, Birmingham, AL), respectively.

10.1371/journal.pone.0193680.t002

###### The HA panel of the mPlex-Flu assay.

![](pone.0193680.t002){#pone.0193680.t002g}

  Category                                                          Flu strain                                                  Abbreviation   Genebank Accession No
  ----------------------------------------------------------------- ----------------------------------------------------------- -------------- -----------------------
  H1                                                                A/South Carolina/01/1918                                    A/SC18         AF117241.1
  A/PR/8/1934                                                       A/PR8                                                       CY148243.1     
  A/USSR/1977                                                       A/USSR77                                                    DQ508897.1     
  **A/Texas/36/1991**                                               **A/Tex91**                                                 DQ508889.1     
  **A/New Caledonia/20/1999**                                       **A/NewCal99**                                              CY125100.1     
  **A/California/07/2009**[^\#^](#t002fn002){ref-type="table-fn"}   **A/Cal09**                                                 FJ966974.1     
  H2                                                                A/Japan/305/1957                                            A/Jap57        L20407.1
  H3                                                                A/Hong Kong/1/1968[^\#^](#t002fn002){ref-type="table-fn"}   A/HK68         CY112249.1
  A/Port Chalmers/1/1973[^\#^](#t002fn002){ref-type="table-fn"}     A/PC73                                                      CY009348.1     
  **A/Perth/16/2009**                                               **A/Per09**                                                 GQ293081.1     
  **A/Victoria/361/2011**                                           **A/Vic11**                                                 KM821347       
  **A/Texas /50/2012**[^\#^](#t002fn002){ref-type="table-fn"}       **A/Tex12**                                                 KC892248.1     
  H5                                                                A/Vietnam/1204/2004                                         A/Vie04        EF541403.1
  A/Indonesia/05/2005                                               A/Ind05                                                     EF541394.1     
  H6                                                                A/Taiwan/2/2013                                             A/TW13         KJ162860.1
  H7                                                                A/rhea/North Carolina/39482/1993                            A/NC/93        EF470586
  A/mallard/Netherlands/12/2000                                     A/Net00                                                     KF695239       
  H9                                                                A/guinea fowl/HongKong/WF10/1999                            A/gfHK99       AY206676.1
  Modified HA                                                       H5 head (A/Vie04)                                           H5 head        
  H7 head (A/ShangHai/1/2013, A/SH13)                               H7 head                                                                    
  H9 head (A/gfHK99)                                                H9 head                                                                    
  Chimeric HA                                                       cH5/1PR8 (A/Vie04, A/PR8)                                   cH5/1PR        
  cH5/1Cal09(A/Vie04, A/Cal09)                                      cH5/1Cal                                                                   
  cH4/7 (A/duck/Czech/1956, A/SH13)                                 cH4/7                                                                      
  cH9/1Cal09(A/gfHK99, A/Cal09)                                     cH9/1Cal                                                                   

Seasonal Vaccine strains in Bold

^\#^ Subcloned by our laboratory.

Quantitation of IgG levels in anti-sera of ferrets and mice was performed as previously described \[[@pone.0193680.ref026]\]. All mPlex-Flu assays for each experiment were performed at the same time to minimize batch effects. Briefly, a panel of HA-coupled mPlex-Flu beads ([Table 2](#pone.0193680.t002){ref-type="table"}) were mixed and incubated with diluted ferret or mouse serum, at 500 beads per each HA to be detected, in the 96-well filtration plates (Millipore, Billerica, MA) at 4°C overnight, on a rotary shaker (500 rpm), in the dark. Wells were washed twice and then incubated with 1:400 diluted PE conjugated anti-mouse IgG (γ chain specific) secondary antibodies (catalogue \#1030--09, SouthernBiotech, AL) in the dark at room temperature for 2 hours with gentle agitation (500 RPM). After three additional washes, the beads in each well were suspended in Luminex Magpix Drive Fluid (Luminex, Austin, TX), analyzed on a MagPix multiplex reader (Luminex, Austin, TX), and the results expressed as median fluorescence intensity (MFI). Absolute concentrations of each anti-HA IgG present in serum were calculated from a standard curve generated at same time with a mixture of murine positive anti-sera as previously described\[[@pone.0193680.ref026]\].

For control experiments, a 46 amino acid peptide (TT6H, \>98% purity) containing a thrombin cleavage site, a trimerization domain from bacteriophage T4 fibritin protein (Fd), and a histidine (His) tag (sharing the same protein sequence as the C-terminal of rHAs) was synthesized by Genscript (Piscataway, NJ). The TT6H peptide was coupled to Luminex beads using the Bio-Plex Amine Coupling Kit (Bio-Rad, Hercules, CA) at the same molar concentration used to couple the rHAs. The TT6H coupled beads were mixed with other rHA coupled beads to test binding of His-tagged specific antibodies using a monoclonal anti-C terminal His-tag antibody (R930-25, Invitrogen INC.Carlsbad, CA). Fd specific antibodies were assessed using rabbit polyclonal anti-trimerization Fd domain antisera provided by Dr. Sanders (Weill Medical College of Cornell University, NY), generated by vaccinating rabbits three times with Fd domain fused to HIV envelope (YU2 gp140) protein without His-tag (Env-Fd) \[[@pone.0193680.ref028]\].

*In vivo* immunization experiments {#sec007}
----------------------------------

*In vivo mouse* vaccination study, we used Addavax as adjuvant. and vaccinated intramuscularly (IM) with rHA either from A/Hong Kong/1/1968 (A/HK68) or A/California/07/2009 (A/Cal09) viruses, with or without 10μg Addavax mixed with rHA protein at 1:1 ratio in PBS, followed by boosting (with or without adjuvant) at 21 and 42 days after the primary injection ([Fig 1](#pone.0193680.g001){ref-type="fig"}). An adjuvant-only control group received intramuscular injection with Addavax alone. In those two cohorts, while mice in the infection groups received an intranasal inoculation with either A/HK68 virus at 10^5^ ECID~50~ or mouse adapted A/Cal09 virus at 200 ECID~50~. Animals from all groups (n = 6) underwent retro-orbital phlebotomy at baseline (day 0) and on days 21, 42 and 63-days post-vaccination. Animals in adjuvant control, infection and rHA vaccine three time with adjuvant group (Vax III) were euthanized on day 63 to harvest spleen and bone marrow cells ([Fig 1](#pone.0193680.g001){ref-type="fig"}) for ASC and memory B cell assays.

![Vaccination strategy and schedule.\
Two cohorts of mice were vaccinated with A/California/07/2009 (A/Cal09, H1N1) and A/Hong Kong/1/1968 (A/HK68, H3N2) influenza virus rHA, respectively. A negative control group was included, consisting of vaccination with Addavax alone; the infection group consisted of intranasal infection with of same influenza viral strains at day 0 for both cohorts. rHA vaccinations (Vax) were delivered three weeks apart, with or without Addavax adjuvant as indicated. Individual mice were bled at pre-vaccination (day 0), and at 21, 42, and 63 days post vaccination, and sacrificed at day 63 for collection of spleen and bone marrow cells.](pone.0193680.g001){#pone.0193680.g001}

ELISpot assay for detection of cross-reactive IgG antibody secreting cells (ASCs) {#sec008}
---------------------------------------------------------------------------------

Vaccine-specific IgG ASCs were estimated by ELISpot assay as previously described \[[@pone.0193680.ref029]\]. Briefly, 96-well ELISpot plates (EMD Millipore, Billerica, MA) were coated for one hour at room temperature with 50 μl of 8 μg/mL goat-anti-mouse IgG (KPL, Milford, MA) for assessing total IgG, or 50 μL of a solution containing purified HA protein from the B/Bris08 strain (20 μg/mL) as the background control (to subtract any potential positive B cell responses directed against the thrombin cleavage site, the trimerization domain (Fd) and/or the His-tag region), or 50 μL containing 20 μg/mL purified rHA proteins from the A/Cal09 and A/HK68 strains. Wells were washed with phosphate buffered saline (PBS) and then blocked for one hour at 37°C with 200 μL/well of Roswell Park Memorial Institute medium (RPMI; Gibco, Waltham, MA) culture media containing 10% heat inactivated fetal bovine serum (FBS; Gibco, Waltham, MA). Single marrow cells were extracted from both femurs from each mouse with Iscove's Modified Dulbecco's Medium (IMDM; Gibco, Waltham, MA). Cells were then washed twice with PBS containing 0.5% Bovine Serum Albumin (BSA), and added to the pre-coated plates at 500,000 cells/well and 1:2 serial dilutions performed to 6,250 cells/well. The plates were incubated for four hours in a 5% CO~2~ humidified incubator at 37°C. After the incubation, the wells were washed six times with 0.1% Tween-20 PBS (PBST, Sigma-Aldrich, St. Louis, MO) and phosphatase-labeled goat anti-mouse IgG detection antibody (catalog \#1030--50, SouthernBiotech, AL) added at 100 μL/well. Plates were then incubated overnight at 4°C, washed six times with PBST, then IgG specific spots were developed using the Alkaline Phosphate Substrate Kit III (Vector Laboratories, Burlingame, Ca). Spots numbers were enumerated using an ImmunoSpot plate reader (Cellular Technology Limited, Cleveland, OH).

HA specific memory B cells (MBCs) {#sec009}
---------------------------------

Single cell suspensions were prepared from spleen in complete IMDM medium (Gibco, Waltham, MA) with 10% FBS, 100 units/mL of penicillin, 100 μg/mL of streptomycin, and 5×10^−5^ M of 2-mercaptoethanol (Sigma-Aldrich, St. Louis, MO). Lymphocytes were counted and diluted to 5×10^6^ cells/mL. 2.5×10^6^ cells/well were added into 48-well plates. For lipopolysaccharides (LPS) stimulation wells, cells were cultured with 0.4 μg R595 LPS (Sigma-Aldrich, St. Louis, MO), and 100 μL of supernatant from concanavalin A-stimulated splenocytes, prepared as previously described \[[@pone.0193680.ref030]\]. Influenza virus-specific *in vitro* stimulation was performed as previously described \[[@pone.0193680.ref031]\]. Briefly, mouse splenocytes were cultured for 6 days with 10 μg β-propiolactone (BPL)-inactivated A/Cal09 (IRR, FR1184), H3N2 control antigen 2009--2013 (FR43), and B/Brisbane/08 (B/Bris08, FR 1188), respectively. The culture supernatants were harvested and stored at -80°C for mPlex-Flu assay. For the mPlex-Flu assay, all samples were thawed, diluted and assayed at same time to minimize batch effects.

Viral neutralization by post-infection and post-vaccination mouse sera {#sec010}
----------------------------------------------------------------------

A/HK68, A/Cal09, A/Puerto Rico/8/1934 (A/PR8) and B/Bris08 influenza viruses were provide by Dr. Martinez-Sobrido (University of Rochester, NY). A/Victoria/361/2011 (A/Vic11, H3N2) influenza virus was obtained from the Influenza Research Resource (IRR, Manassas, VA). Viruses were titrated as previously described \[[@pone.0193680.ref032]\]. Briefly, confluent plates of Madin-Darby canine kidney (MDCK, ATCC CCL-34) cells (96-well format, 5x10^4^ cells/well) were infected with 10-fold serial dilutions of tissue culture supernatants. At 8 hours post infection, cells were fixed and permeabilized using 4% formaldehyde, 0.5% triton-X100 in PBS for 30 minutes at room temperature. Cells were then washed thrice with PBS and incubated in PBS/2.5% bovine serum albumin (BSA) for one hour at room temperature. Cells were washed three more times with PBS, and incubated with the influenza A virus nucleoprotein (NP) monoclonal antibody HB-65 (ATCC, H16-L10-4R5), diluted in 1% BSA for two hours at 37°C. After washing three more times with PBS, cells were incubated with a fluorescein isothiocyanate (FITC)-conjugated rabbit anti-mouse IgG secondary antibody (Dako) diluted 1:1,000 in 1% BSA in PBS, for one hour at 37°C. IAV NP-positive cells were visualized and enumerated to determine virus titers (fluorescent forming units, FFU/mL) using a fluorescence microscope.

For microneutralization (MN) assays \[[@pone.0193680.ref033]\], two-fold serial dilutions of heat-inactivated mouse sera were mixed with approximately 50 FFU of each virus and was left at room temperature for 1 hour. Confluent MDCK cell monolayers were then inoculated with the serum/virus mixtures. After an absorption period of 60 minutes at room temperature, serum/virus mixtures were removed and replaced with DMEM (Gibco, Waltham, MA) supplemented with 0.3% BSA, 10 μg/mL gentamycin, and 1 μg/mL TPCK-trypsin in 96-well plates for 4-repeat wells that were incubated for a further 4 days, and the cytopathic effect was examined by crystal violet staining. Neutralization titers were defined as the last dilution at which infection was completely blocked in 50% of the wells, and geometric mean titers (GMT) were calculated from 3 independent assays.

Data analysis and visualization {#sec011}
-------------------------------

Antigenic dissimilarities between rHA strains were visualized by projecting 28-dimensional HA protein sequences onto two-dimensional subspaces using multi-dimensional scaling \[[@pone.0193680.ref026], [@pone.0193680.ref034]\]. To compare antigenic properties of rHA strains, we used a functional feature vector approach \[[@pone.0193680.ref035]\]. For each HA amino acid sequence, we calculated a 60-component normalized feature vector that measures protein relatedness based on the distribution of amino acids in the HA protein sequences, including position and protein charge. This approach has the advantage of being independent of variations in protein length, while accounting for sequence differences as well as physical properties of the proteins that affect antigenicity (e.g. charge, hydrophobicity) \[[@pone.0193680.ref035]\]. An antigenic dendrogram was then generated by hierarchical clustering using the squared Euclidean distance. Cluster fusion levels were determined based on Unweighted Pair Group Method with Arithmetic Mean (UPGMA) linkage criteria \[[@pone.0193680.ref034]\]. All analyses were performed using *Mathematica* (version 10, Wolfram Research).

The study design included six experimental groups (an adjuvant alone control, infected, and four vaccination groups: Vax III, Vax II, Vax I and Vax Ø) ([Fig 1](#pone.0193680.g001){ref-type="fig"}). Six C57BL/6 female mice were randomized selected to each experimental group. In each mouse, measurements were longitudinally collected at four time points (baseline, and days 21, 42 and 63 post-infection). Relative IgG concentrations (either total or virus HA strain-specific IgG) were estimated based on MFI obtained from serially diluted sera via inverse regression \[[@pone.0193680.ref036]\]. The primary goal of the analysis was to compare relative concentrations between experimental groups. To reduce skewness in the data, the estimated concentrations were log transformed such that x' = log(x+1). No differences were expected between experimental groups at baseline, and the corresponding observations were excluded from the analysis to simplify statistical models. The analysis was conducted using linear mixed models \[[@pone.0193680.ref037]\] including experimental group and time as categorical predictors. We also considered the inclusion of random slopes for time and/or intercepts to capture potential mouse-to-mouse variation. In these analyses, the variable time was treated as continuous in the random effects part of the model. All analyses were carried out using SAS/STAT software, version 9.3 (SAS Institute Inc). All tests were two-sided. P-values were adjusted in post-hoc analyses for multiple comparisons using Tukey's method. Statistical significance for ELISpot data and neutralization titers were calculated using grouped multiple *t*-tests for multiple comparisons with Prism v7.0 (Graphpad Software).

Complete data and code used to generate figures and analyses are available on figshare.com at <https://doi.org/10.6084/m9.figshare.c.4026268.v1>.

Results {#sec012}
=======

Sequential adjuvanted vaccination with rHA elicits broadly cross-reactive anti-HA IgG {#sec013}
-------------------------------------------------------------------------------------

We first compared the breadth and depth of cross-reactive IgG antibodies induced after infection with influenza virus versus vaccination three times (prime-boost-boost) with Freund's adjuvanted non-His-tagged rHA proteins using ferret reference serum ([Table 1](#pone.0193680.t001){ref-type="table"}). The mPlex-Flu assay allowed us to test both within strain HA head reactivity, cross-strain binding, and cross-phylogenic group binding\[[@pone.0193680.ref026]\]. We tested post-vaccination and post-infection ferret sera against a panel of 16 rHAs that included major H1(group 1) and H3 (group 2) circulating or vaccine influenza strain subtypes. Details of those purified rHAs ([S1 Fig](#pone.0193680.s003){ref-type="supplementary-material"}) and control experiments with strain specific monoclonal antibodies are provided in [S2 Fig](#pone.0193680.s004){ref-type="supplementary-material"}. The results ([Fig 2](#pone.0193680.g002){ref-type="fig"}) showed that sera collected from 9 different H1 or H5 influenza virus infections had very specific antibody reactions against homologous or similar strains within the same subtype, but minimal cross-reactivity against other influenza rHAs within the same phylogenic group. In contrast, we found that the antisera generated by vaccination with rHAs from H1N1 strains A/California/04/2009 (A/Cal09) or A/Brisbane/10/2007 (A/Bris08) showed broader cross-reactivity within the H1 subtype, and to H5N1 influenza strains of the same phylogenetic subtype (in red on [Fig 2](#pone.0193680.g002){ref-type="fig"}). Interestingly, sera from ferrets vaccinated with adjuvanted A/Cal09 rHA protein (group 1 influenza), also showed low level binding against the A/HongKong/1/1968 (A/HK68) and A/Port Chalmers/01/1973 (A/PC73) H3 strains, which express antigenically more distant phylogenic group 2 HAs ([Fig 2](#pone.0193680.g002){ref-type="fig"}).

![Freund's adjuvanted rHA protein vaccination elicits broader antibody mediated cross-reactivity compared to viral infection in ferrets.\
The antibody response against homologuous and cross-reactive HA proteins from different influenza virus strains were evaluated by the mPlex-Flu assay. Samples included ferret reference antisera obtained from the Influenza Research Resource collected after viral infection (black) or after a prime-boost-boost vaccination protocol (see [Methods](#sec002){ref-type="sec"}) with Freund's adjuvant admixed rHA (red). Dilutions of polyclonal antisera are provided in [Table 1](#pone.0193680.t001){ref-type="table"}. The results calculated by subtracting the blank from mean MFI for each influenza virus strain with three replicate wells per influenza strain.](pone.0193680.g002){#pone.0193680.g002}

Multiple vaccination with H1 and H5 rHAs in combination with Freund's adjuvant produced ferret sera IgG that reacted against both H1 and H5 rHAs ([Fig 2](#pone.0193680.g002){ref-type="fig"}). Similarly, sera from ferrets multiply vaccinated with rHA from A/Vietnam/1203/2004 (A/Vie04, H5N1) virus also showed robust cross-reactivity to both H5 and H1 rHAs. In contrast, multiple vaccination of ferrets with H3 influenza rHA, or infection with H3N2 viruses, induced a similar pattern of cross-reactive antibodies within the H3 subtype to all strains tested. Although the mPlex-Flu assay panel in these experiments did not include an rHA protein to test A/Hiroshima/52/2005 (A/Hir05) specific binding, sera from ferrets vaccinated with A/Hir05 rHA produced a stronger cross-reaction to historic A/HK68 and A/PC73 H3 strains than produced by infection with A/Wisconsin/15/2009 (A/Wis09), A/Perth/16/2009 (A/Per09), A/Victoria/210/2009 (A/Vic09) and A/Victoria/361/2011 (A/Vic11) strains (P\<0.001).

The above findings suggested that adjuvanted rHA multiple vaccinations might produce much broader influenza strain cross reactivity, and thus we next tested the reactivity of ferret antisera IgG generated by either multiple (prime-boost-boost) rHA vaccinations or primary infection with the A/Cal09(H1N1), A/Vie04(H5N1) and A/Brisbane/10/2007 (A/Bris07, H3N2) viruses. In these experiments, serum reactivity was measured using an expanded 29-strain mPlex-Flu assay panel with a broad array of influenza virus rHAs, including both phylogenetic group 1 (H1, H2, H5, H6, H9) and group 2 (H3, H4, H7) strain. To better assess anti-HA head versus stalk reactivity, the panel also included several chimeric rHAs (cHAs) consisting of the head domain from one viral subtype and the stalk from a different subtype, including cH5/1~Cal09~, cH5/1~PR8~, and cH9/1~Cal09~ (for group 1 stalk-reactive IgG detection) and cH4/7~A/SH13~ (for group 2 testing). The results ([Fig 3A](#pone.0193680.g003){ref-type="fig"}) confirmed that vaccination with the rHAs group 1 HA from the A/Cal09 virus induced significant IgG cross-reactivity to strains within the same H1 (covering 90 years of antigenic variation) or H5 subtypes, and broader cross-reactivity to other influenza virus HAs within the same phylogenic group (H2, and H5). These experiments also confirmed that the vaccine-induced anti-sera against A/Bris07 (H3) showed significantly broader IgG cross-reaction to rHAs within the H3 subtype panel (covering 50 years of antigenic variation) and weak reaction to H7 rHAs within the same phylogenic group. Additionally, a low level of stalk-reactive IgG antibodies were detected in both the H1 and H3 rHA vaccination groups, which were significantly higher than those elicited by infection with the identical viral strain (P\<0.001).

![Comparison of antibody mediated cross-reactive immunity induced by influenza infection versus adjuvanted rHA vaccination in ferrets.\
Post-vaccination serum from ferrets infected with A/California/07/2009 (A/Cal, H1N1), A/Vietnam/1203/2004 (A/Vie04, H5N1) and A/Brisbane/10/2007 (A/Bris07, H3N2) or multiply vaccinated with rHA with Freund's adjuvant in a prime-boost-boost series were analyzed for IgG reactivity against 25 influenza rHA by multiplex assay. **(A)** Comparison of IgG antibody responses of vaccination versus infection. The results are expressed as the average MFI subtracting blank MFI for each strain (n = 3). The strains are colored according to the different groups. **(B)** A cross-reactivity plot of the IgG binding data for each influenza strain versus the protein sequence-feature dissimilarity of vaccine-homologous HA and each of the vaccine-heterologous rHA proteins used in mPlex-Flu assay. The protein sequence dissimilarities of rHAs were calculated using a protein feature vector approach\[[@pone.0193680.ref034], [@pone.0193680.ref035]\] and Euclidean distance ([S3 Fig](#pone.0193680.s005){ref-type="supplementary-material"}). The positive cut-off MFI unit is 100 (based on the average of negative control sera).](pone.0193680.g003){#pone.0193680.g003}

To directly visualize the relationship of the cross-reactive responses induced by vaccination/infection to the antigenic similarity of the viruses, we also calculated the protein sequence dissimilarity matrix of the influenza rHA panel using a functional feature vector approach ([S3 Fig](#pone.0193680.s005){ref-type="supplementary-material"}) \[[@pone.0193680.ref034], [@pone.0193680.ref035]\]. We then plotted the degree of rHA dissimilarity against the mPlex-Flu IgG reactivity measurements after vaccination or infection ([Fig 3B](#pone.0193680.g003){ref-type="fig"}). This allowed us to visualize the degree to which post-exposure (infection or rHA vaccination) anti-HA IgG reactivity for each rHA strain was influenced by the estimated rHA antigenic similarity to the challenge strain ([Fig 3B](#pone.0193680.g003){ref-type="fig"}). The results of A/Cal09 H1 group indicated that the cross-reactive IgG binding patterns between influenza rHA were highly correlated with the antigenic similarity of the rHAs; the greater the similarity between HAs, the greater the induction of cross-reactive antibody responses, as expected. For the A/Bris07 H3 group, vaccination did not significantly change the breadth of cross-reactive antibodies compared to infection.

Addavax adjuvanted rHA vaccination with multiple inoculations elicits broader cross-reactivity than influenza infection in mice {#sec014}
-------------------------------------------------------------------------------------------------------------------------------

The ferret sera in the above experiments were generated by rHA and Freund's adjuvant, and designed to be used as control sera in HAI assays. To more rigorously investigate the potential effect of adjuvant in prime and boost vaccination protocols, we generated anti-HA sera by vaccinating mice with rHA and the adjuvant Addavax \[[@pone.0193680.ref021]\], a squalene-based oil-in-water emulsion. Addavax, a research use reagent, is similar to MF59, which has been clinically approved for adjuvant use in human flu vaccinatio. We were particularly interested in cross-reactivity induced by vaccination with multiple doses of rHA adjuvanted Addvax in the mouse model given the potential clinical relevance to MF59 vaccine protocols. Several groups have reported that sequential vaccination of mice with chimeric HAs, having the same stalk region but different head region, or infection with different HA head region viruses, could elicit higher levels of HA stalk-reactive antibodies that contribute the cross-protective \[[@pone.0193680.ref019], [@pone.0193680.ref038]\].

Based on the above observations, we hypothesized that Addavax adjuvanted vaccination would also increase and broaden the IgG response to rHA in mice. Experiments were designed to ask four questions: (1) What is the degree of cross-reactivity induced by MF59-like adjuvant rHA vaccination compared with infection? (2) If there is broader cross-reactive binding with MF59-like adjuvanted rHA vaccination, is this functionally protective against viral infection? (3) What is the optimal timing to include MF59-like adjuvanted in a multiple-boost vaccination strategy if the goal is to induce broad cross-reactivity? (4) What is the contribution of stalk-reactive antibodies to any MF59-like adjuvant induced cross-reactivity?

To answer these questions, we performed a series of vaccinations with Addavax adjuvanted rHA, A/Cal09 (H1) or A/HK68 (H3), and compared these with homologous rHA vaccination or intranasal infection after 9 weeks (vaccination strategy shown in [Fig 1](#pone.0193680.g001){ref-type="fig"}). The results ([Fig 4](#pone.0193680.g004){ref-type="fig"}), similar to those observed in ferrets, showed that compared to viral infection, multiple intramuscular vaccinations with Addavax adjuvanted rHA of A/HK68 significantly increased cross-reaction responses against influenza HA within viral subtypes and phylogenic groups. In addition, adjuvanted vaccination appeared to produce higher levels of stalk-reactive antibodies, as suggested by the binding of mouse sera to the chimeric proteins cH5/1, cH9/1 and cH4/7, and the absence of binding to H5 and H9 containing only the head domain of the protein ([Fig 4A](#pone.0193680.g004){ref-type="fig"}). These results suggest that multiple adjuvanted rHA vaccination elicited broader cross-reaction within subtype, and higher levels of stalk-reactive antibodies might contribute to this effect.

![Comparison of cross-reactivity of serum IgG from influenza virus infected versus Addavax adjuvanted rHA vaccinated mice.\
(**A**) Multiplex assay comparison of IgG seroreactivity against a panel of 29 influenza rHA resulting from viral infection or the prime-boost-boost vaccination with Addavax (MF59-like) admixed rHAs from either A/California/07/2009 (A/Cal09, H1N1) or A/HongKong/1/1968 (A/HK68, H3N2). Sera were collected 9 weeks post- infection, or 3 weeks after the final vaccine boost (day 63 after the priming vaccination). Sera harvested from six mice per group were pooled for analysis. The IgG binding against influenza HA are reported as the mean MFI minus the baseline of each strain (n = 3). (**B**) A cross-reactivity plot of the mouse serum IgG binding data for each influenza virus strain versus the protein feature dissimilarity of vaccine HA and each of the rHA proteins used in mPlex-Flu assay.](pone.0193680.g004){#pone.0193680.g004}

Unfortunately, post-expression cleavage of the trimerization domain from the A/Cal09 (H1) rHA protein led to degradation of protein under multiple conditions ([S4 Fig](#pone.0193680.s006){ref-type="supplementary-material"}). Thus, we were not able to generate a stable A/Cal09 (H1) rHA ectodomain without the TT6H tag including trimerization (Fd) and hexahistidine(His) tags for vaccination. Experiments performed with the full protein raised a question whether C-terminal tagged rHA could induce detectable antibodies against those tags \[[@pone.0193680.ref039]\]. However, mPlex-Flu assay analysis of anti-His mAb and anti-Fd rabbit polyclonal anti-serum against rHA-TTH6 demonstrated very low binding, similar to that observed naïve-mouse or rabbit sera ([S5 Fig](#pone.0193680.s007){ref-type="supplementary-material"}). These results suggest that the trimerization domain and His-tag on the C-terminal of rHAs, when coupled to the Luminex bread surface, are most likely sterically masked by the large rHA protein and density of proteins on the bead surface, appearing "silent" even in the presence of high concentrations of specific antibodies. Therefore, the binding observed in mPlex-Flu assay, shown above, is due to the binding to the HA protein component, and not to the TT6H tag.

Priming with Addavax adjuvant and rHA is essential for the induction of broad cross-reactive antibodies {#sec015}
-------------------------------------------------------------------------------------------------------

Next, we investigated the optimal timing of admixing Addavax in a multiple-boost vaccination strategy for induction of broad cross-reactive antibodies. It is known that rHA protein is poorly immunogenic, and that the addition of oil-in-water emulsion adjuvants (e.g. MF59, AS03, Addavax, etc.) enhance vaccine antigenicity, but typically require at least 2 doses \[[@pone.0193680.ref021], [@pone.0193680.ref025]\]. These results are generally interpreted to indicate that adjuvant augmented antigen priming induces long-lasting cross-reactive immune memory \[[@pone.0193680.ref040]\]. In order to better understand the role of oil-in-water emulsion adjuvant in cross-reactive responses to rHA protein vaccination, we performed sequential vaccination experiments in mice that used priming-boosting with or without Addavax. Two control groups were included: (1) mice intranasally infected with either A/HK68 (H3) and A/Cal09 (H1) and influenza viruses and (2) an Addavax only control. All mice, regardless of vaccination strategy (see [Fig 1](#pone.0193680.g001){ref-type="fig"}), were serially phlebotomized on days 0, 21, 42 and 63, and sera tested individually by mPlex-Flu analysis to assess cross-reactive antibodies.

The results indicate that priming with Addavax adjuvanted rHA of A/HK68 vaccine is the key step for inducing broad cross-reaction ([Fig 5](#pone.0193680.g005){ref-type="fig"} and [S6 Fig](#pone.0193680.s008){ref-type="supplementary-material"}). We observed statistically significant increases in cross-reactivity against all H3 subtypes we tested in groups primed with adjuvanted rHA of A/HK68 virus (Vax I, II, and III) as compared to the non-adjuvanted rHA group (Vax Ø) and adjuvant alone control ([Fig 5](#pone.0193680.g005){ref-type="fig"}) (p\<0.0001). This increased cross-reactivity was seen 21 days after the priming vaccination, and continued to increase after each of two subsequent boosting vaccinations, 42 and 63 days after priming ([Fig 5A and 5B](#pone.0193680.g005){ref-type="fig"}). There was no significant difference at any time point between any of the groups that received an adjuvanted rHA priming vaccine (Vax I, II, and III), irrespective of the inclusion of Addavax adjuvant in subsequent boosting vaccinations. Similar results were observed in the cohort primed with adjuvanted A/Cal09 rHA (Panels A and B in S6), which had a statistically significant increase (p\<0.0001) in broadly cross-reactive antibodies against the H1 subtype HAs, along with weak cross-reactive antibodies to H5 HAs. These data strongly suggest that Addavax adjuvant in primary immunization with rHA proteins is necessary for induction of broad cross-reactive response and, significantly, it may not be necessary to admix rHA with oil-in-water adjuvant in subsequent boosting vaccinations. These results are consistent with the recently published clinical MF59 adjuvanted H7 vaccination study \[[@pone.0193680.ref041]\].

![Broader cross-reactive antibody responses are induced by prime-boost-boost vaccination with Addavax adjuvanted rHA as compared to infection with A/Hong Kong/1/1968 (A/HK68 H3N2) influenza virus.\
(**A**). The rHA specific IgG concentrations of heterosubtypic and stalk-specific antibodies reaction induced by vaccination with adjuvant alone control, rHA combined with Addavax adjuvant (Vax I, II and III), rHA without adjuvant (Vax Ø), or infection (Inf) with A/HongKong/1/68 (H3N2) virus, were determined using a 29-panel mPlex-Flu assay, and represented as a heatmap. (**B**). The selected antibody responses against influenza virus HA of A/HK68 were plotted over time. The antibody concentrations (ng/mL) of individual HA were calculated from the standard curves generated in same assay. Serum of individual mice were harvested before priming, as well as before and post-boost 21 day. The specific antibody concentration of IgG is shown as the mean ± standard deviations (STD) of the mean of individual mice (n = 6). The two-way analysis of variance (ANOVA) statistical analysis was conducted including experimental group and time as factors. \*\* p\<0.0001 Vax Ø comparing to Vax III, II and I group; \* p\<0.05 Vax Ø comparing to Vax I, II, III group; \# p\<0.0001 Vax III comparing to Inf group; + p\<0.0001 Vax comparing to Inf group.](pone.0193680.g005){#pone.0193680.g005}

These experiments also revealed that sequential boosting vaccinations with rHA alone at 21 and 42 days post-priming significantly increased the breadth and magnitude of vaccine strain specific and cross-reactive anti-HA IgG in all four vaccination groups. This was true even in mice vaccinated with rHA alone (Vax Ø), although the anti-HA IgG levels were lower than those produced by adjuvanted vaccinations. Of note, while boosting with rHA protein twice is necessary for induction of both of specific and broadly cross-reactive anti-HA IgG in mice, the addition of adjuvant in the boosting step is not as critical as the presence of adjuvant during priming.

Stalk-reactive antibodies contribute to cross-reactivity induced by multiple adjuvanted rHA vaccinations in mice {#sec016}
----------------------------------------------------------------------------------------------------------------

We next asked if cross-reactivities induced by an adjuvanted rHA prime-boost-boost vaccination strategy were due to increased levels of anti-HA stalk reactive IgG antibodies. In order to evaluate the concentration of group 1 and 2 stalk-reactive antibodies, we measured post-vaccination IgG binding to chimeric HAs (cHA) \[[@pone.0193680.ref018], [@pone.0193680.ref021], [@pone.0193680.ref042]\]. Compared to homologous viral infection, rHA vaccination with A/HK68 significantly increased the concentration of group 2 stalk-reactive antibodies binding to the cH4(head)/H7(stalk) cHA in all experimental groups (Vax I, II, III and Vax Ø) ([Fig 5A and 5B](#pone.0193680.g005){ref-type="fig"}). Similar results were found in the A/Cal09 HA vaccination cohort, where vaccination with rHA induced stronger stalk-reactive IgG against group 1 stalk HA, as measured by serum binding to cH9(head)/H1(stalk, A/Cal09) cHAs (Panels A and B in [S6 Fig](#pone.0193680.s008){ref-type="supplementary-material"}). We specifically examined reactivity against the cH9/1~Cal09~ to evaluate the group 1 stalk-reactive antibodies given that vaccination against A/Cal09 rHA also induced cross-reactive antibodies against H5 rHAs. These increased stalk-reactive IgG antibody levels correlated well with the overall broad cross response induced by rHA vaccination (i.e. measurement of post-vaccination serum IgG binding to non-chimeric rHA), as described above. This finding suggests that adjuvanted rHA vaccine-induced stalk-reactive antibodies most likely contribute to the IgG cross-binding to different influenza strains, subtypes, and phylogenetic groups. These findings are consistent with other studies showing the contribution of stalk-reactive antibodies to cross-reactivity in humans and mice (reviewed in \[[@pone.0193680.ref014]\]).

Priming and boosting with adjuvanted rHA protein increased bone marrow resident antibody secreting cells (ASCs) producing broadly cross-reactive anti-HA IgG {#sec017}
------------------------------------------------------------------------------------------------------------------------------------------------------------

The presence of CD138^+^, bone marrow resident plasma cells post-vaccination is critical for long-lived IgG mediated immunity \[[@pone.0193680.ref030]\]. Murine CD138^+^ plasma cells (Ab secreting cells, ASCs) home to and engraft within the bone marrow approximately 45 days after influenza vaccination or infection \[[@pone.0193680.ref030]\]. In order to assess the post-vaccination presence of influenza virus HA specific ASCs in bone marrow that produce cross-reactive antibodies, we harvested bone marrow mononuclear cells from mice after A/HK68 viral infection or rHA vaccination with (Vax III) and without Addavax adjuvant (Vax Ø), 21 days after second boost (63 days after priming). We then measured cross-strain IgG reactivity to rHA of A/Cal09, A/HK68 and influenza B virus HA by ELISpot, as previously described \[[@pone.0193680.ref043]\]. The anti-IgG capture antibody coated wells showed all ASCs as a positive control; wells coated with rHA of influenza B/Bris08 were used as an additional control for any potential background arising from antibodies to the TTH6 thrombin cleavage site, trimerization domain or hexahistidine tag regions. Compared to infection and non-adjuvanted vaccine groups (Vax Ø), the adjuvanted rHA vaccine mice (Vax III) had significantly more broadly cross-reactive, bone marrow resident, ASCs ([Fig 6](#pone.0193680.g006){ref-type="fig"}, p\<0.001). These data support our serological findings, and suggest that the cross-reactive antibody response detected by the mPlex-Flu assay correlates with the presence of bone marrow resident ASCs producing homogenously or heterogeneously reactive antibodies.

![The cross-reactive anti-HA IgG secreting plasma cells (ASCs) in murine bone marrow after infection or vaccination with A/HongKong/1/1968 (A/HK68 H3N2) influenza virus.\
**(A)** Representative plates of ELISpot assays as described in the methods, which evaluated antibody secreting plasma cells in murine bone marrow specific against rHA of A/California/07/2009 (A/Cal09, H1N1), A/HongKong/1/1968 (A/HK68, H3N2) and B/Bris08 (B strain) influenza viruses induced by vaccination with Addavax adjuvanted rHA of A/HK68 (VaxIII), without adjuvant (Vax Ø) and by A/HK68 virus infection group. **(B)** Representative numbers of IgG ASCs specific for rHA of A/HK68 and A/Cal09 starting with 500,000 murine bone marrow cells, after subtracting the numbers of ASC spots specific for rHA of B/Bris08 (background control), induced after vaccination (VaxIII, Vax Ø groups) or infection. The values and error bars shown are the mean and the standard deviation (STD) of n = 4--5 mice/time point. Grouped multiple t-tests were used to determine statistically significant differences.](pone.0193680.g006){#pone.0193680.g006}

Priming and boosting with Addavax adjuvanted rHA elicited splenic memory B cells (MBCs) {#sec018}
---------------------------------------------------------------------------------------

Long-lived memory B cells (MBCs) are generated concurrently with vaccine-specific ASCs during B cell vaccine responses. Upon reactivation, these MBCs will divide and differentiate into ASCs to mediate a rapid and vigorous secondary antibody response \[[@pone.0193680.ref022]\]. LPS has been shown to non-specifically stimulate MBCs \[[@pone.0193680.ref030]\], while BPL-inactivated influenza viruses stimulate virus-specific MBCs in mice \[[@pone.0193680.ref031]\].

In order to evaluate the effects of adjuvant on the MBC responses against cross-strain HA, we collected spleen mononuclear cells (an abundant source of MBCs\[[@pone.0193680.ref030]\]) of mice after infection with A/HK68, as well as after vaccination against A/HK68 rHA with (Vax III) and without (Vax Ø) Addavax adjuvant at 21 days after the last boost (63 days after primary influenza virus infection or primary rHA vaccination). Those splenic cells were cultured and left unstimulated control (Con) or were stimulated *in vitro* with LPS or BPL-inactivated H3N2 viruses and supernatants analyzed after 6 days for IgG against a panel of 31 rHAs. The results ([S7 Fig](#pone.0193680.s009){ref-type="supplementary-material"}) revealed low levels of influenza antibodies produced by ASCs in culture supernatants of unstimulated splenic cells in both infection and vaccination groups. Subtracting the baseline control after stimulation ([Fig 7](#pone.0193680.g007){ref-type="fig"}), the anti-HA IgG produced by MBCs in the adjuvanted vaccination group (Vax III) showed broader cross-strain HA binding activity compared to stimulated MBC from the infection alone group (p \<0.01) which only showed cross-reactivity within the H3 subtype. Overall, *in vitro* stimulated MBCs from mice that received the adjuvanted vaccine produced significantly higher levels of IgG against homologous and heterologous HAs of H3 viruses when compared to MBCs from the viral infection group ([Fig 7](#pone.0193680.g007){ref-type="fig"}). We also observed cH4/7 reactive IgG antibodies after stimulation with H3, suggesting that IgG cross reactivity was generated against the H7 stalk. Of note, influenza specific MBCs from Addavax adjuvanted H3 rHA vaccinated mice stimulated with H1 virus also produced cross-reactive IgG antibodies against historical H3 strains A/HK68 and A/PC73. These data suggest that the strategy of adjuvanted prime-boost-boost vaccination with rHA of A/HK68 increases H3 specific MBCs, and their ability to produce cross-reactive and stalk-reactive IgG antibodies in a subsequent recall response in mice.

![Comparison of anti-HA IgG from mouse spleen memory B cells (MBC) stimulated by infection with A/HongKong/1/1968 (A/HK68 H3N2) virus or vaccinated with adjuvanted rHA.\
The anti-HA IgG levels in supernatants of stimulated memory B cells (MBC) cultures were determined by 29-plex panel mPlex-Flu assay. Briefly, mouse spleen MBCs were cultured for 6 days with 0.4 μg LPS (LPS), 10 μg BPL-inactivated A/Cal09 virus (H1) and B/Brisbane/60/2008 virus (B), 2009--2013 H3N2 viral antigen (H3), and medium control (Con), respectively. Influenza virus specific antibody concentrations present in the cell culture supernatants are shown as the mean of IgG concentrations after subtracting the control baseline antibodies in control unstimulated cell cultures (n = 3--4) and represented as a heatmap. The values of IgG concentrations without subtracting the control baseline antibodies in unstimulated cultures (Con), shown in Supplementary material ([S7 Fig](#pone.0193680.s009){ref-type="supplementary-material"}), demonstrate that only a low level of IgG antibodies produced by murine splenic B cells, after infection and vaccination, without stimulation.](pone.0193680.g007){#pone.0193680.g007}

Sequential vaccination with Addavax adjuvanted rHA does elicit broader cross-neutralization against heterovariant influenza virus infection from the same phylogenic group {#sec019}
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------

We next assessed if the broadly reactive anti-rHA IgG induced by Addavax rHA vaccination correlated with higher levels of neutralizing antibodies capable of blocking viral infection. We measured the viral neutralization activity of mouse antisera generated from Addavax adjuvanted rHA vaccination against both vaccine specific and heterologous influenza viruses *in vitro* using a plague formation based microneutralization assay\[[@pone.0193680.ref033]\].

We found that the mouse sera generated by multiple Addavax adjuvanted A/HK68 rHA protein vaccinations effectively neutralized homologous A/HK68 virus, and also cross-neutralized the A/Per09 virus, preventing *in vitro* infection ([Table 3](#pone.0193680.t003){ref-type="table"}). Although A/Per09 is an H3 influenza virus within the same subtype as A/HK68, A/Per09 exhibits significant antigenic drift as compared with A/HK68 ([S3 Fig](#pone.0193680.s005){ref-type="supplementary-material"}). These results correlate with our above observation that an adjuvanted rHA multiple vaccination strategy induces broader anti-HA IgG cross-reactivity than infection. This finding is also consistent with clinical studies showing that squalene-based-oil-in-water adjuvanted influenza vaccination induced broadly reactive neutralizing antibodies in human subjects \[[@pone.0193680.ref025], [@pone.0193680.ref033]\]. Interestingly, we observed that anti-HA antibodies in sera generated with adjuvanted A/Cal09 rHA vaccination reproducibly showed weak cross-reactivity to the heterologous A/Per09 virus (H3) compared to that induced by infection, despite the fact that the homologous (anti-H1) serum neutralization titers were similar. In addition, we used an FFU-based assay to evaluate antisera of infection and vaccination, which independently confirmed these results ([S1 Table](#pone.0193680.s002){ref-type="supplementary-material"}). A sequence dissimilarity dendrogram analysis demonstrates that HA of A/Cal09 virus is more similar to H3 influenza viruses than other H1 viruses. Also, this finding is consistent with clinical studies showing that MF59 adjuvanted influenza vaccination induces broadly reactive neutralizing antibodies in human subjects \[[@pone.0193680.ref025], [@pone.0193680.ref033]\].

10.1371/journal.pone.0193680.t003

###### The neutralization titers (GMT) of antisera generated by viral infection or Addavax adjuvanted rHA vaccination of A/Cal09(H1) or A/HK68 (H3) influenza.

![](pone.0193680.t003){#pone.0193680.t003g}

  Groups                  Tested influenza viruses                                                             
  ----------------------- -------------------------- ------ ------- ------------------------------------------ ------
  Addavax Control         ≤ 50                       ≤ 50   ≤ 50    ≤ 50                                       ≤ 50
  A/Cal09 Infection       4,031                      ≤ 50   ≤ 50    ≤ 50                                       ≤ 50
  Addavax + rHA A/Cal09   6,063                      ≤ 50   ≤ 50    283[\*](#t003fn001){ref-type="table-fn"}   ≤ 50
  A/HK68 Infection        ≤ 50                       ≤ 50   5,080   63                                         ≤ 50
  Addavax + rHA A/HK68    ≤ 50                       ≤ 50   6,400   503[\*](#t003fn001){ref-type="table-fn"}   ≤ 50

\* P\< 0.001 compared to infection group in same cohort.

Discussion {#sec020}
==========

A major recent objective of influenza vaccine development is to develop clinical strategies that induce broadly cross-reactive and protective anti-influenza antibodies. Increasing data suggest that IgG antibodies targeting the conserved influenza HA stalk protein region display broader cross-reactivity and higher neutralizing potential across several influenza strain subtypes, including between group 1 and group 2 influenza viruses \[[@pone.0193680.ref018], [@pone.0193680.ref021], [@pone.0193680.ref042]\]. Currently, the specific mechanisms responsible for the induction of protective cross-reactive and stalk-reactive IgG antibodies are not well characterized. Two empirically successful strategies have been identified: sequential immunization with either (1) stabilized stalk domain \[[@pone.0193680.ref009], [@pone.0193680.ref010]\] or (2) cHA proteins or virus containing the identical stalk domains but different head regions \[[@pone.0193680.ref019], [@pone.0193680.ref021], [@pone.0193680.ref044]\]. The current working hypotheses are that boosting twice after priming may increase the production of stalk-reactive antibodies, and that B cell exposure to the same stalk domain with different head domains using cHAs breaks the immunodominant recognition of the influenza head region in the germinal center reaction, increasing production of stalk-reactive IgG antibodies (reviewed in \[[@pone.0193680.ref014]\]).

Our primary finding is that a multiple vaccination strategy with squalene-in-oil adjuvanted rHA induces broad IgG mediated cross-reactivity to heterologous influenza virus HA(Figs [2](#pone.0193680.g002){ref-type="fig"} and [3](#pone.0193680.g003){ref-type="fig"}). Significantly, the addition of the MF59-like adjuvant Addavax in the priming stage of a triple vaccination schedule (prime-boost-boost) was necessary and sufficient for eliciting broadly cross-reactive anti-influenza HA responses for inducing both IgG mediated cross-reactivity, as well as expanding broadly cross-reactive memory B cells that can mount a vigorous recall response when exposed to heterologous influenza virus HA ([Fig 5](#pone.0193680.g005){ref-type="fig"}).

Our work demonstrates that a prime-boost-boost vaccination strategy with adjuvanted rHA protein elicits cross-reactive IgG antibodies against both influenza virus HA homologous to the vaccine strain, as well as other heterologous and heterosubtypic HAs in ferrets (Freunds adjuvant) and mice (MF59-like squalene adjuvant). Our results also demonstrate that stalk-reactive antibodies contribute significantly to the observed cross-reactivities, as detected by binding of post-vaccination serum IgG to cHAs (cH9/1 and cH4/7). Importantly, we found that adjuvanted vaccination in mice robustly enhances the numbers of bone marrow resident plasma cells ([Fig 6](#pone.0193680.g006){ref-type="fig"}) and class-class switched splenic memory B cells capable of producing broadly cross-reactive anti-HA IgG with increased cross-strain HA binding ([Fig 7](#pone.0193680.g007){ref-type="fig"}). Compared to intramuscular vaccination with inactivated influenza virus, non-adjuvanted vaccination with rHA protein generally produces weaker anti-influenza vaccine-specific IgG responses, even with a prime-boost-boost strategy \[[@pone.0193680.ref021]\]. To our knowledge, this is the first report showing that a prime-boost-boost vaccination strategy with soluble recombinant HA protein and a squalene-based-oil-in-water adjuvant can efficiently induce broadly cross-reactive stalk-reactive IgG antibodies as compared to a single influenza viral infection.

Our work may also be relevant to the current debate regarding the role of "original antigenic sin" or "imprinting" in influenza virus vaccine responses \[[@pone.0193680.ref045]--[@pone.0193680.ref048]\]. This creates an immune bias towards responses against strains that an individual has been previously exposed to, and may blunt B cell responses against antigenically dissimilar HAs. The mechanisms for this are currently not well characterized, but one hypothesis is that the strong response of memory B cells, augmented by T follicular helper cells (TfH), may out-compete responses to new influenza virus strain antigens \[[@pone.0193680.ref049]\]. The adjuvant MF59 has been reported to induce strong TfH responses to influenza vaccination, activate a large pool of distantly primed memory B cells\[[@pone.0193680.ref050]\], and appears to result in long-lived, protective cross-reactive antibodies \[[@pone.0193680.ref024], [@pone.0193680.ref025], [@pone.0193680.ref040], [@pone.0193680.ref051], [@pone.0193680.ref052]\]. As such, recent work has shown that influenza virus vaccine responses may depend critically on existing anti-HA immunity from prior influenza infection and/or vaccination, which is very hard to assess using any of the traditional single dimensional assays, such as HAI, MN and ELISA. However, our mPlex-Flu assay allows for the efficient assessment of antibody responses covering HAs of all previous and current circulating and vaccine strains. Such a method provides a high-throughput and quantitative estimate of the imprinting pattern for each subject pre- and post-vaccination. Our results provide additional and detailed support that a primary adjuvanted influenza rHA vaccination can induce broadly cross-reactive, IgG class switched B cells, which are persistent and respond to further boosting from either adjuvanted or non-adjuvanted vaccinations. One important caveat is that our experiments were performed in HA-naïve mice. This condition is generally not found in human subjects, where prior multiple vaccinations and infections have occurred. Thus, further validation of these findings in multiply vaccinated or exposed mice, or in human population level studies, should be performed.

Another potential caveat to this work relates to the mouse vaccine experiments, where we used a hybrid rHA-TT6H protein, containing C-terminal trimerization domain and His-tag, for vaccination. This approach, however, allowed us to use mouse adapted A/Cal/07/09 influenza strains in further microneutralization experiments, comparing homologous and cross-strain neutralization after infection versus vaccination. Importantly, despite the potential for detecting "cross-reactive" antibodies in the mPlex-flu assay related to anti-TTH6 IgG, extensive control experiments demonstrated that such binding is significantly "silenced" after the rHAs are coupled to Luminex beads via C-terminal specific binding. This is most likely caused by steric blocking of the trimerization domain and His-tag by the large HA head and/or stalk domains, similarly to what happens to the membrane-proximal sequences of the HA stalk domain on the influenza virus surface \[[@pone.0193680.ref004]\]. Despite observing decreased binding of trimerization domain and His-tag antibodies in our mPlex-Flu assay, however, we did not observe a significant decrease in the detection of stalk-reactive antibodies, as verified by binding of both the monoclonal stalk-reactive antibodies, 1B11 and KB2 \[[@pone.0193680.ref053]\] ([S2 Fig](#pone.0193680.s004){ref-type="supplementary-material"}). Perhaps most importantly, results from the murine vaccine experiments were highly consistent with our findings in the ferret vaccination sera generated with rHA that did not contain TTH6 sequences.

The *in vivo* murine challenge model is commonly used for estimating protective antibody levels against particular influenza virus strains. However, there are a very limited number of mouse-adapted influenza virus strains available for testing broad cross-protection in mice. In addition, some studies showing enhancement of protection of anti-stalk antibody against influenza viruses using *in vivo* challenging assays in mouse models, do not always result in increased neutralizing activity against the same viral strains *in vitro* microneutralization assays\[[@pone.0193680.ref012], [@pone.0193680.ref013]\]. These results are most likely due to *in vivo* Fc-mediated antibody dependent cellular cytotoxicity (ADCC) and complement dependent lysis (CDL), which are not measured by *in vitro* neutralization assays \[[@pone.0193680.ref012], [@pone.0193680.ref013]\]. Despite these model and assay limitations, we attempted to address whether the cross-reactive antibodies detected by our mPlex-Flu assay have functional relevance, we performed a fluorescence-forming units (FFU) quantified multiple life-cycle microneutralization assay. This assay has the benefit of directly measuring the number of virus-infected cells to normalize the viral input of different influenza viruses, which is particularly useful for viruses that induce different cytopathic effects and for viruses such as influenza whose plaques do not stick to the agar well enough to be accurately quantified by a plaque assay. Using this assay, we were able to detect weakly cross-protective antibody activity against H3 influenza virus (A/ Per09) in the serum induced by both of adjuvanted A/HK68 and A/Cal09 vaccination with rHA and infection of virus ([Table 3](#pone.0193680.t003){ref-type="table"}).

Taken together, our findings suggest that the use of squalene-based oil-in-water adjuvanted rHA influenza vaccines may be highly desirable. Such a strategy may induce population level priming, providing some protection against emerging influenza viruses that have undergone antigenic shift. Our findings complement recent work showing that Addavax, an MF59-like adjuvant, significantly enhances IgG mediated reactivity against heterologous strains of influenza in humans, and elicits a memory B cells (MBCs) pool that is capable of recall responses producing strong cross-reactive protection against H5 influenza viruses after booster vaccination \[[@pone.0193680.ref024], [@pone.0193680.ref054], [@pone.0193680.ref055]\]. While the mechanisms for such enhancement remain to be characterized, other evidence suggests that adjuvanted influenza virus vaccine promotes affinity maturation of antibodies in a prime-boost-boost strategy \[[@pone.0193680.ref056]\]. The data from our current study supports the hypothesis that use of a squalene-based oil-in-water adjuvant during the primary vaccination is critical for inducing cross-strain anti-HA IgG responses, but does not significantly increase cross-reactivity in subsequent boosting vaccination with homologous strains. Current MF59 adjuvanted influenza vaccine formulations are only approved in the United States for individuals older than 65 years. Our findings may be helpful for future adjuvanted vaccination strategy design.
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###### Single circle fluorescent forming units (FFU) based neutralization assay.

Methods and results of single circle fluorescent forming unit based microneutralization assays. ([S1 Table](#pone.0193680.s002){ref-type="supplementary-material"}).

(DOCX)

###### 

Click here for additional data file.

###### Serum neutralization titers induced after viral infection or Addavax Adjuvanted rHA vaccination with A/Cal09(H1) or A/HK68 (H3) influenza virus strains.

Neutrilzation assays were performed against against A/HK68, A/Cal09, A/Puerto Rico/8/1934 (A/PR8) and B/Bris08 influenza strains. Sera from the following groups were compared: Addavax Control, A/Cal09 Infection, rHA A/Cal09 + Addavax, A/HK68 Infection, and rHA A/HK68 + Addavax. Results demonstrated significantly higher titers that neutralized homologous and cross-strain influenza virus.

(DOCX)

###### 

Click here for additional data file.

###### Purified recombinant hemagglutinin (rHA) proteins of influenza viruses.

The ectodomain of HA0 genes of influenza viruses were expressed in the baculovirus system using a modified pFastBac vector (Invitrogen) that harbors a hexahistidine tag at the C-terminal. The rHAs were purified with Ni-NTA resin (Qiagen) and concentrated with Amicon Ultra 30K filters (Millipore). **A**. The SDS-PAGE gel of rHAs preparations. The purified rHAs were separated and analyzed by 4--12% Bis-Tris NuPage gels (Invitrogen). **B**. The antigenic characteristics of rHAs of influenza virus were verified by the e Western-blot analysis of rHAs preps. Purified recombinant HAs were separated on SDS-PAGE and transferred to nitrocellulose membrane (0.45μm, Bio-Rad). After the membrane was blocked with 5% milk in TBST buffer (500 mM NaCl, 20 mM pH 7.5 Tris--HCl, 0.05% Tween-20)) for 30min at room temperature, it was detected with ferret polyclonal antisera of influenza A subtype viruses provided by Influenza Reagent Resource (IRR) **1)** antiserum to A/California/04/2009(H1N1) (FR-359); **2)** antiserum to A/Perth/16/2009 (H3N2) (FR-446); **3)** antiserum to A/Japan/305/1957 (H2N2) (FR-891), A/Vietnam/1203/2004 (H5N1) (FR-708), A/Netherlands/219/2003 (H7N7) (FR-890) and A/HongKong/1073/1999 (H9N2) (FR-889).

(PDF)

###### 

Click here for additional data file.

###### Verification of mPlex-Flu assay with monoclonal antibodies against type A influenza viruses and stalk-domain of HA of group 1 type A influenza viruses.

The mPlex-Flu assay was tested using mouse monoclonal antibodies to HA of H1, H3 and flu B influenza virus from Influenza Reagent Resource (IRR) and anti-stalk monoclonal antibodies 1B11 and KB2 from Dr. Krammer. All antibodies were diluted to 2.5 μg/mL final concentration, and PE conjugated anti-human IgG (γ chain specific) secondary antibodies was 1:400 diluted. The results are the mean median fluorescence intensity (MFI) subtracting the blank of each influenza virus strain from three replicate wells.

(EPS)

###### 

Click here for additional data file.

###### The protein sequence distance calculation.

Sequence dissimilarity of HA molecular based on the protein sequences of rHAs using Euclidean distance measurement and protein feature vector method were performed to estimate the distance between the actual and theoretical sequence based on the binomial and uniform distributions \[[@pone.0193680.ref034], [@pone.0193680.ref035]\], and metric multidimensional scaling was performed using custom Mathematica code.
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Click here for additional data file.

###### The ectodomain of recombinant HA0 could not be stabilized after cleavage of the trimerization domain from the fusion A/California/07/2009 rHA protein preparations.

Recombinant ectodomain HA0 of A/California/07/2009 was cleaved off from the His-tagged fusion protein by thrombin treatment at room temperature for 4 hours at room temperature. Then the ectodomain rHA protein preps were sampled after 4, 18 and 30 hours at 4 degrees, and they were analyzed by SDS-PAGE gel.
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Click here for additional data file.

###### Coupling rHA of influenza viruses "silence" the antigenicity of C-terminal His-tag and trimerization domain.

A 46aa peptide (TT6H) consisting of a thrombin cleavage site, a trimerization domain from bacteriophage T4 fibritin protein (Fd) and hexahistidine tag, sharing the same protein sequence with the C-terminus of expressed and purified rHAs was synthesized. Then TT6H and rHAs of influenza viruses were coupled onto Luminex beads in the same molar concentration and conditions. The hexahistine tagged specific antibodies and Fd specific antibodies were tested by using TT6H coupled beads mixed with other rHAs coupled beads reaction with mouse monoclonal anti-C terminal hexahistidine tag antibody, a rabbit polyclonal anti-trimerization Fb domain antisera, and sera from ferrets infected or immunized with A/Cal09 (H1N1) influenza virus or A/Cal09 rHA, respectively, in working dilutions. Then subtracted the MFI with data from naïve animal sera in same dilutions to normalize data. The heat map of mean MFI was generated from two duplicates and two independent experiments.
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Click here for additional data file.

###### Broader cross-reactive antibody response was induced by prime-boost-boost vaccination with adjuvanted rHA versus infection with A/Cal09 (H1N1) Influenza virus.

(**A**). The heatmap of IgG concentrations of cross-reactive antibodies and stalk-specific serum antibodies induced by vaccination with rHA with or without Addavax (MF59-like) adjuvant or infection with A/Cal09 (H1N1) were determined using a 29-panel mPlex-Flu assay. The antibody binding reactions (MFI units) were converted into the concentration of antibodies (ng/mL) using the standards curves generated in same assay. The tested sera were harvested before priming, and before and after every boost. The specific antibody concentration of IgG shows the means of six mice in the same group. (**B**). The selected individual homologous and heterologous antibody responses were plotted over time from the above data. The values and error bars shown are means and standard deviations (STD) of the mean of six mice. The two-way analysis of variance (ANOVA) statistical analyses was conducted including experimental group and time as factors. \*\* P\<0.0001 Vax comparing to Vax III, II and I; \* P\<0.05 Vax comparing to Vax III, II and I; \# P\<0.0001 Vax III comparing to Infection; + P\<0.0001 Vax comparing to Infection.
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Click here for additional data file.

###### Influenza antibodies produced by spleen memory B cells (MBC) stimulated by influenza viruses in the mice infected by A/Hong Kong/1/1968 (A/HK68 H3N2) virus or vaccinated with adjuvanted rHA.

The antibody levels in supernatants from memory B cells (MBC) cultures were determined by 29-plex panel mPlex-Flu assay as described in the experiment methods. The heatmap of antibody concentrations shown are the mean of IgG concentrations (n = 3--4).
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Click here for additional data file.

###### The influenza antibodies produced by spleen memory B cells (MBC) stimulated with influenza viruses in the mice infected with A/California/07/2009 (H1N1) virus or vaccinated with adjuvanted rHA.

The antibody levels in supernatants from memory B cells (MBC) cultures were determined by 29-plex panel mPlex-Flu assay as described in the experiment methods. The heatmap of antibody concentrations of influenza virus in the supernatants are shown as the mean of IgG concentration subtracting the baseline antibodies in unstimulated cell cultures (n = 3--4).
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Click here for additional data file.
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